sess the physilosic bending deformation as observed in microcirculation in vivo. Here, it is to be noted that the nickel mesh filtration method can assess the physilosic bending deformation, and has been useful, physiologically, pathophysiologically and clinically [1] [2] [3] [4] [5] . Indeed, the effects of oxidant stress on erythrocyte deformability have been quantitatively investigated by the nickel mesh filtration method [2, 19] .
The aims of the present study were, therefore, (1) to examine the rheologic effects of the oxidative stress induced by tBHP on intact human erythrocytes, using the nickel mesh filtration method, (2) to analyze the interrelationships between the rheologic results and other physiologic and biochemical results, and (3) to investigate the protective effects of verapamil, a potent drug in the reperfusion therapy [20] [21] [22] [23] [24] , on tBHP-induced oxidative injury.
MATERIALS AND METHODS

Materials.
Nickel mesh filters were purchased from Tsukasa Sokken Co. Ltd. (Tokyo, Japan). The nickel mesh filter with 4.4 m pores was used in this study. tert-Butyl hydroperoxide (tBHP), verapamil, and ascorbate were purchased from Sigma Co. Ltd. (St. Louis, MO, USA). Other reagents used were reagent grade. All materials used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were from Bio-Rad Laboratory Co. Ltd. (Tokyo, Japan).
Preparation of erythrocytes. The study population consisted of 27 healthy Japanese males aged 23 to 44 years old. Signed informed consent was obtained from each subject prior to the commencement of the study. Venous blood from the antecubital vein of the volunteers was collected into a disposable evacuated syringe with a 21-gauge needle, using 1/10 volume of 3.8% trisodium citrate as an anticoagulant. Blood cell counting and hematocrit measurement were carried out using hemocytometer (Ace Counter, FLC-240A, Fukuda Denshi Co. Ltd., Tokyo, Japan). Serum biochemical investigations were simultaneously conducted and no apparent abnormalities were found in any of the subjects enrolled. After centrifugation at 1,300ϫg for 10 min, the plasma and buffy coat were carefully removed and replaced with N-(2-hydroxyethyl)-piperazine-NЈ-2-ethanesulfonic acid sodium salt (HEPES-Na)-buffered NaCl solution (HBS: 141 mM NaCl, 10 mM HEPES-Na buffer, 287 mOsm/kgH 2 O, pH 7.4). The osmolality of HBS was measured with a freezing point depression type osmometer (Fiske Mark 3 Osmometer, Fiske Associates, MA, USA). The erythrocyte suspension was washed three times by repeated resuspension with HBS and centrifugation at 800, 600, and 500ϫg for 10 min, respectively. The erythrocyte suspension was prepared with HBS; its hematocrit value was adjusted for the experiments. These procedures were performed within 2 h after blood collecting to avoid the time-dependent deterioration of erythrocyte filterability.
After addition of tBHP, the mixture was incubated at 36°C for 30-180 min, depending on the study design. Similarly, verapamil-or ascorbate-treated erythrocytes were incubated at 36°C for 15 min, before addition of tBHP.
Erythrocyte filterability and shape. Filtration through nickel mesh was performed using the gravity-based vertical tube method with minor modification [1, 2] . Briefly, the height (pressure)-time curve was obtained during filtration by gravity, using a pressure transducer. The tangent of the height-time curve, drawing points corresponding to different height (pressure), gives the rate of fall of the meniscus in the vertical tube. Then, by multiplying fall rate by the cross-sectional area of the tube, the complete set of flow rates and corresponding pressures, i.e., pressure-flow rate relationship was calculated. The experiments were carried out at 25°C by circulating the isothermal water through the jacket surrounding the vertical tube. Actually, the filtration experiments were performed using a gravity-based nickel mesh filtration apparatus (Model NOBU-II, Tsukasa Sokken Co. Ltd.). The ratio (%) of the flow rate (ml/min) of the erythrocyte suspension to that of suspending medium at 100 mmH 2 O was used as an index of erythrocyte filterability.
An aliquot of the erythrocyte suspension was fixed with an isotonic 1.0% glutaraldehyde solution containing 24.5 mM NaCl and 50 mM phosphate buffer (pH 7.4). The shape of erythrocytes was examined with a differential interference contrast microscope (Diaphoto 300, Nikon Co. Ltd., Tokyo, Japan) at 400ϫ magnification.
Measurement of methemoglobin. An aliquot of the reaction mixture (0.4 ml) was hemolyzed by 5 ml solution containing 100 mM phosphate buffer and 1% Triton X-100 (4 : 6 vol/vol, pH 6.8) and then divided into two parts. Absorption peak at 630 nm of one part was read in the absence and presence of potassium cyanide. The absorption peak of another part was read in the presence of potassium ferricyanide and then after addition of potassium cyanide. Measurements were performed at room temperature (22.0Ϯ1.5°C). The formation of methemoglobin (met-Hb, in %) was calculated as previously reported [25] .
Extraction and separation of membrane phospholipid. Extraction of total phospholipid from erythrocytes was performed as previously reported [25, 26] . Briefly, packed erythrocytes were hemolyzed by addition of 1 ml of 5 mM hypotonic phosphate buffer (pH 7.4), and by further addition of 1 ml of 80 mM sodium dodecyl sulfate (SDS). The solution was sonicated for 30 sec, and 2 ml of ethanol containing 1.2 mM butylhydroxytoluene (BHT) was added to the mixture, and then the mixture was left at room temperature for 60 min. Two milliliters of n-hexane containing 1.2 mM BHT was added to the mixture, and it was vigorously mixed by a vortex mixer for 1 min (30 sϫ2). After brief centrifugation at 1,000ϫg, the n-hexane layer was transferred to another tube. The remaining aqueous layer was washed again with 2 ml of n-hexane. This hexane was combined with the first extract and the combined hexane layer was dried under a stream of nitrogen gas.
Separation of phospholipid classes from the total lipid extracts was performed with a high performance liquid chromatography (HPLC) system (Waters LC module 1 system, Waters Co. Ltd., Tokyo, Japan), using a Wakosil 5 NH 2 , 150ϫ4.6 mm column (Wako Pure Chem., Osaka, Japan). The dried n-hexane layer was dissolved in 300 l of n-hexane/isopropanol (3 : 1 in v/v) and filtered through a polycarbonate membrane with 0.45 m pores (Millipore Co. Ltd., Tokyo, Japan). An aliquot of the solution of 5 to 10 l was injected into HPLC system, and each phospholipid class was detected with an ultraviolet light at 205 nm. The quantity of each phospholipid was normalized to that of sphingomyelin (SM), which contains very small amount of polyunsaturated fatty acids and is, therefore, highly stable even in the presence of 1.0 mM tBHP [26] .
Electrophoresis of erythrocyte membrane proteins. Erythrocyte ghosts were prepared with the usual hypotonic stress. Erythrocytes were hemolyzed in 35 volumes of buffered lysing solution (LBS: 6 mM HEPES-Na, 1 mM MgCl 2 , pH 8.0) at 0°C. The lysed cells were centrifuged at 44,000ϫg for 30 min at 2°C, and resulting pellets were washed twice with LBS [19] . SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of the ghost membrane proteins was performed by the Laemmli method [27] . The ghost membrane was solubilized to a final concentration of 2 mg (protein)/ml in ready-made Laemmli sample buffered solution (2% sodium dodecyl sulfate, 25% glycerol, 62.5 mM Tris-HCl, pH 6.8) with 2% ␤-mercaptoethanol (Bio-Rad Laboratory Co. Ltd.). The solubilized membrane proteins were loaded onto 10% polyacrylamide gels purchased from BioRad Laboratory Co. Ltd. The protein content of the ghost sample was quantified by the Lowry method [28] . Electrophoresis was performed for about 1 h at 10°C, using Bio-Rad electrophoresis units (Mini-PROTEAN 3 Cell & POWER PAC 300, Bio-Rad Laboratory Co. Ltd.). Gel was stained by 50 ml Bio-Safe CBB G-250 stain (Bio-Rad Laboratory Co. Ltd.) for an hour under gentle shaking. Thereafter, gel was rinsed by 200 ml water for at least 30 min. The molecular weight of membrane proteins in the gel was estimated from the calibration curve of standard proteins, ranging from 10 to 250 kDa.
Data analyses. Data analyses were performed using Microsoft Excel 2000 on Windows 98 (Microsoft, Tokyo, Japan). Differences with a p value Ͻ0.05 were considered statistically significant.
RESULTS
Effects of tBHP on erythrocyte morphology, cell volume, and met-Hb formation
Erythrocytes treated with 0.4 mM of tBHP did not show any discernible shape change, holding the normal biconcave disc configuration. The tBHP-treated erythrocytes displayed a time-dependent increase in mean corpuscular volume (MCV) as shown in Fig.  1A . The MCV increase induced by tBHP was not restrained by the pretreatment with 0.01-0.1 mM of ascorbate or with 0.1-1.0 M of verapamil.
Further, erythrocytes treated with 0.4 mM of tBHP exhibited a dark brownish color, that is, a marked formation of met-Hb resulting from autoxidation of oxyhemoglobin (oxy-Hb), in a time-dependent manner as shown in Fig. 1B . The increase in met-Hb formation reached saturation, as in our previous study [25] . The formation of met-Hb was not inhibited by the pretreatment with 0.01-0.1 mM of ascorbate or 0.1-1.0 M of verapamil. Microscopic observation of tBHP-treated erythrocytes did not show any formation of Heinz bodies, that is, aggregates of hemichromes; indeed, simple spectrophotometric analysis revealed no generation of hemichromes (not shown). Figure 2A shows representative pressure-flow rate relationships of the erythrocyte suspension during the incubation with 0.4 mM of tBHP. The hematocrit value of the suspension is 3%. The relationships of the erythrocyte suspension displayed smooth curves convex to the abscissa, suggesting that the erythrocyte suspension is a non-Newtonian fluid [1] . However, HEPES-buffered saline presented a straight line pass-ing through the origin, indicating that the saline is a Newtonian fluid [1] . The pressure-flow rate relationships revealed that the tBHP treatment caused a marked decrease in flow rate with an increase in the incubation time, thereby showing a marked decrease in erythrocyte filterability during the incubation. In Fig. 2B , the filterability (%) of erythrocytes treated with 0.4 mM of tBHP is plotted as a function of the incubation time. The filterability decreased as the incubation was prolonged in a sigmoidal manner; the decrease in the filterability was almost saturated after 180 min. Erythrocytes without any treatment showed almost constant filterability for more than two hours after the completion of sample preparation. -free condition showed no protective effect on the tBHP-induced impairment. However, the same pretreatment with verapamil in the presence of extracellular 0.5 mM Ca 2ϩ exhibited a significant protective effect on the impairment; i.e., the difference between the solid bar in Fig. 3B and solid bar in Fig. 3C ( pϽ0.04) Also, the difference between the blank bar and solid bar in Fig. 3C is significant ( pϽ0.02) and the difference between the blank bar and solid bar in Fig. 3D is  significant (pϽ0.03) . On the other hand, the pretreatment with 0.1 mM of ascorbate did not inhibit the tBHP-induced decrease in filterability in either extracellular Ca 2ϩ -free or 0.5 mM Ca 2ϩ -containing conditions (not shown).
Effects of tBHP on erythrocyte filterability
Effects of tBHP on erythrocyte membrane phospholipid
The ratio of each phospholipid class relative to SM was investigated by HPLC before and after an exposure to 1.0 mM of tBHP (Fig. 4) . Phosphatidylethanolamine (PE) was very rich among the membrane phospholipids, about 6-fold more than SM, and phosphatidylcholine (PC) and phosphatidylserine (PS) were also rich relative to SM, while phosphatidylinositol (PI) was negligibly small compared to other phospholipids (Fig. 4) . After exposure to tBHP, SM, PS, and PC were not altered significantly, whereas PE was reduced significantly (pϽ0.03). Pretreatment with 0.1 mM of ascorbate significantly inhibited the decrease in PE induced by tBHP ( pϽ0.04). Conversely, pretreatment with 1.0 M of verapamil did not inhibit the tBHP-induced decrease in PE (not shown).
Effects of tBHP on erythrocyte membrane proteins
Changes in erythrocyte membrane proteins caused by 1.0 mM of tBHP application were analyzed by SDS-PAGE as shown in Fig. 5 . Incubation of the erythrocyte suspension with tBHP showed an apparent decrease in some main bands of membrane proteins, that is, spectrin (band 1, 2), bands 3, band 4.2, and band 4.5 without an appearance of high-molecularweight products. In accordance with the decrease in the proteins, new broad bands of low-molecularweight products (around 25 kDa) appeared on the gel, suggesting the degradation of those proteins into lowmolecular-weight products. Pretreatment with verapamil (0.1-1.0 M) did not reveal any inhibitory effect on the tBHP-induced degradation of the membrane proteins; correspondingly, the pretreatment did not show any discernible decrease in the low-molecular-weight bands on the gels. Also, the pretreatment with 0.01-0.1 mM of ascorbate exhibited no effect on the tBHP-induced changes in the membrane proteins (not shown).
DISCUSSION
Among several agents generating oxygen free radicals, tBHP is known as a stable substrate for glu-Oxidative Stress on Human Erythrocytes Values are expressed as meansϮstan-dard error (nϭ3). PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidyserine. After exposure to tBHP, PE was apparently reduced; the tested difference between values presented by blank bar in PE and solid bar in PE is significant (* pϽ0.05). Also, the protective effect of 0.1 mM ascorbate is apparent; the tested difference between solid bar in PE and wide diagonal bar in PE is significant (* pϽ0.05).
tathione peroxidase and iron-dependent formation of tert-butyl alkoxyl radicals by the Fenton reaction [16, 18] . In the present study, the erythrocyte filterability as assessed by the nickel mesh filtration technique was profoundly impaired by exposure to tBHP in a time-dependent manner (Fig. 2) . The impaired filterability can be in small part attributed to a time-dependent increase in MCV (Fig. 1A) , although the tBHPtreatment did not cause any discernible shape change or any formation of Heinz body that induced a marked decrease in erythrocyte filterability [2] . Here, it is noteworthy that the nickel mesh filter with relatively narrow pores (4.4 m) as used in this study is probably sensitive to a small extent of erythrocyte swelling [2] . However, since the increase in MCV is not so large, additional causes that reveal a remarkable impairment in filterability may be involved in tBHP-initiated oxidative processes. The autoxidation of oxyHb to met-Hb induced by tBHP (Fig. 1B) may be another cause of the decreased filterability; that is, it is well known that the formation of met-Hb generates various reactive oxygen species, such as O 2 Ϫ , H 2 O 2 and hydroxyradical [6, 29] . Therefore, tBHP-triggered sequential oxidative reactions accompanied by autoxidation of oxy-Hb seem to exert additional oxidative stress on intact human erythrocytes, thereby facilitating further impairment in erythrocyte filterability.
It had been clarified that tBHP alters the membrane phospholipid properties and exerts oxidative damage on the erythrocyte membrane [13] [14] [15] [16] 25] . The present study demonstrated an apparent, inhibitory effect of ascorbate on the decrease in PE induced by tBHP (Fig. 4) . While, verapamil did not show such protective effect on the phospholipid peroxidation. In electrophoretic analysis of erythrocyte membrane proteins, several investigators have reported the appearance of high-molecular-weight products without any change in electrophoretic pattern with tBHP treatment [11, 15, 17] . However, our electrophoretic analysis of 1 mM tBHP-treated erythrocytes showed the degradation of spectrin, band 3, band 4.2, and band 4.5 accompanied by the appearance of new broad bands of low-molecular-weight products, without the appearance of high-molecular-weight products. The difference may arise from experimental conditions and procedures including treatments of intact cells. Though the degradation of those proteins was not prevented by the pretreatment with verapamil (Fig. 5) , the impairment in erythrocyte filterability induced by tBHP was apparently restrained by the pretreatment with verapamil (Fig. 3) , but not completely inhibited. This suggests that the contribution of the membrane protein degradation to the impaired filterability may be not large. However, considering that in spite of almost complete inhibition of the decrease in PE by pretreatment with ascorbate (Fig. 4) , ascorbate did not improve the decreased filterability, membrane protein degradation may be more harmful to maintenance of physiologic erythrocyte filterability than membrane PE disturbance.
It is well known that erythrocyte membrane band 3 protein plays a key role in transporting physiologically important anions such as chloride and bicarbonate, thus regulating cell volume [30, 31] . Therefore, the time-dependent erythrocyte swelling induced by tBHP (Fig. 1A) is largely attributable to the malfunction of such volume-regulating membrane transporter. The cytoplasmic domain of band 3 protein contains binding sites of band 4.2 and spectrin, and high-affinity binding sites of oxy-Hb, which is oxidized to met-Hb by tBHP-triggered oxidation. Accordingly, the selective degradation of bands 3, band 4.2 and spectrin (Fig. 5 ) may be initiated from those areas on the membrane proteins that are adjacent to membrane-bound oxy-Hb, where sequential oxidative reactions accompanied by autoxidation of oxy-Hb occur, thereby leading to endogeneous proteolysis of those proteins [32] .
Several investigations reported that tBHP-induced oxidative stress inhibited the activity of Ca 2ϩ -regulating enzymes in erythrocytes [17, 18] . Another series of experiments reported that extracellular Ca 2ϩ enhanced an oxidative myocyte injury caused by organic hydroperoxide [22, 33] . Based on these reports, the oxidative perturbation of Ca 2ϩ homeostasis can be involved in tBHP-induced decrease in erythrocyte filterability. The improvement of the decreased filterability caused by verapamil in the presence of extracellular Ca 2ϩ (Fig. 3 ) may reflect such a Ca 2ϩ homeostasis and related pharmacological actions of verapamil. This agent, known as a representative Ca 2ϩ antagonist, has been reported to exert antioxidant effects [34, 35] . Generaly, Ca 2ϩ -dependent neutral protease is activated by the disruption of intracellular Ca 2ϩ homeostasis. In fact, the rheologic antioxidative protection of verapamil was dependent on the extracellular Ca 2ϩ (Fig.  3) . However, because there was no effect of verapamil on the tBHP-induced met-Hb formation, direct antioxidative activity of verapamil may be low. Although the present study could not clarify the mechanism of the verapamil-induced rheologic protection in detail, verapamil is considered to be effective in certain steps of Ca 2ϩ -related enhancement of sequential oxidative injury.
In reperfusion therapy targeting coronary arteries occluded by acute myocardial infarction, patent infarct-related artery does not always guarantee fluent peripheral coronary flow; i.e., sluggish or no coronary flow is sometimes observed even after successful coronary angioplasty. This "no reflow" phenomenon is considered due to microvascular dysfunction based on neutrophil plugging, contracture of myocytes, tissue edema and oxidative stress produced at the reperfusion injury [36] [37] [38] . Intracoronary administration of verapamil is reported to have the most potent therapeutic effects on this "no reflow" phenomenon [20] , probably due to the reversal of microvascular spasm [21] . In another report, representative Ca channel antagonists including verapamil exerted antioxidative activity in spite of the markedly different chemical structure [22] . The potency as antioxidant depends on the experimental materials and conditions; for instance, the order of antioxidative activity was verapamilϾdiltiazemϾnifedipine in the protection against isolated cardiomyocytes exposed to reactive oxygen species such as superoxide anion [23] and singlet oxygen [24] . The present study demonstrated an important clinical insight of oxidatively reduced erythrocyte filterability as a cause of the "no reflow" phenomenon and a therapeutic rationale of intracoronary administration of verapamil in the setting of coronary angioplasty for acute myocardial infarction.
In conclusion, the present study shows that verapamil plays an important role in protective effects against oxidative injury, based on a close linkage among decreased filterability, met-Hb formation producing various reactive oxygen species, and impaired membrane integrity due to membrane protein degradation and the membrane PE decrease. Also, the findings in this study suggest that the oxidative stress induced by tBHP could provide an appropriate cytotoxic model for investigating rheologic perturbation of intact human erythrocytes.
